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Abstract 
Estimating cutting edge temperatures in micro-machining Cu-Ni alloys with single crystal diamond tools is the purpose of this paper, in order 
to assess how temperature affects tool wear, perhaps through a thermally activated mechanism. Classical heat conduction models, numerical 
temperature calculation models and finite element chip formation models are developed and applied to determine relations between temperature 
and cutting conditions in non-dimensional form that thus have a wide transferability. Experiments calibrate and in part validate the results. Tool 
wear nose turning Monel 400 alloy is reported. It shows thermally activated dependence on temperature, with activation energy 53 ± 6 kJ/mol. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of The International Scientific Committee of the “15th Conference on Modelling of Machining Operations”. 
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1. Introduction 
Micro-machining with diamond tools is well-established, 
with an early use being mirror-finished surface manufacture 
[1, 2]. Machining Fe and Ni is a recognized problem, with 
thermally activated chemical wear leading to low tool life [3], 
as reviewed in more detail in a previous paper [4]. 
The machinability of Cu-Ni alloys is of particular interest. 
They are single phase and thus candidate materials for optical 
mould tools. An applied question arises: is there a composition 
that is wear resistant in moulding while causing little tool wear 
in mould manufacture? A fundamental questions is: how may 
any chemical tool wear vary with varying % Ni? 
This paper supports the fundamental question. Its main 
purpose is to develop tool cutting edge temperature estimation 
models and simulations usable at Peclet numbers < 1, typical 
of micro-machining. Tool temperature is hard to measure, yet 
its magnitude is key to considering thermally activated wear. 
It also presents tool wear and other experiments for facing 
Monel 400 (32Cu65Ni) with a round-nosed single crystal 
diamond (SCD) tool. It determines an activation energy for 
wear, as a first step in generalizing to other Cu-Ni alloys. 
2. Models, simulations and validations 
This paper’s modeling and simulation goal is predicting the 
temperature along the cutting edge in contact with the work in 
nose turning. Fig. 1a is a standard plan view of the crescent 
shaped uncut chip area in nose turning with a nose radius rn, a 
feed f and depth of cut ap. Uncut chip thickness h varies from 
0 to hmax § f(2ap/rn)0.5. Cutting edge engagement length § 
(2aprn)0.5. The aspect ratio of the uncut chip area is the ratio of 
engagement length to hav, i.e. 2rn/f.  
 
 
 
 
 
 
 
 
 
 
Fig. 1. (a) nose turning schematic view, (b) approximate equivalents to (a). 
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Fig. 1b shows cutting geometries approximately equivalent 
to Fig. 1a, with uncut chip cross-sections of the same area and 
aspect ratio as in Fig. 1a but with rectangular and triangular 
shapes replacing Fig. 1a’s crescent shape. 
Temperature calculation is developed here in steps, from 
2D calculations and simulations (Sections 2.1 to 2.3) to 3D 
chip formation simulations of the contact geometries in Fig. 
1b (Section 2.3). Fig. 2 shows an example simulation result to 
aid the description of the model development in Section 2.1. 
 
 
 
 
 
 
 
 
Fig. 2. (a) a 2D chip formation simulation, (b) detail of (a). 
2.1. A classical 2D model and its predictions 
The 2D simulation in Figs. 2a, b is for the case h = 2 ȝm, 
cutting speed vc = 40 m/min, tool thermal conductivity Ktool = 
1000 W/mK (for a SCD tool) and work thermal conductivity 
Kwork = 22 W/mK and heat capacity ȡC = 3.8 MJ/m3, as for 
Monel 400 (so the work thermal diffusivity țwork § 6 mm2/s). 
In this case, it can be deduced (Fig. 2b) from the chip 
temperature rise (ȴT = 30°C), the temperature gradient into 
the tool (dT/dn = 300°C/mm) and the chip / tool contact 
length (§ 10 ȝm) that approximately ten times as much of the 
chip formation heat flows into the tool as is carried away by 
the chip. The temperature contours between the primary shear 
zone and the chip / tool contact show heat flow radially to the 
contact. These are in marked contrast to flows at higher Peclet 
numbers hvc/țwork, for which the majority of heat is carried 
away in the chip, and temperature reduces from the contact 
into the chip. In the following, the cutting edge temperature 
rise is modeled on the assumption that the heat from chip 
formation all flows to the work and tool and none is carried 
away by the chip. The model is classical in nature, as in [5]. 
Fig. 3a presents an overview. Of the heat flux q1 at the 
primary shear plane, a fraction (1 – ɴ) flows to the work and ɴ 
to the chip. All of ɴq1, plus the friction heat flux qf flows into 
the tool. The rake face mean temperature rise ȴTtool is found 
from the requirement that the primary shear mean temperature 
rise ȴT1 is the same whether calculated from the flow of heat 
into the work or into the chip and tool. 
 
 
 
 
 
 
 
 
 
Fig. 3.(a) general, (b) exploded views for classical temperature calculation. 
Fig. 3b is an exploded view, also defining terms: the shear 
plane OC of length 2c, inclined at ׋ to the cutting direction; 
the shear stress k acting on OC; the cutting and chip speeds vc 
and vchip; the chip / tool friction stress Ĳ, that can be written 
mk, acting over the chip / tool contact OB of length b; the 
cutting and thrust forces FC and FT per unit depth of cut. In the 
present case, the tool rake angle Ȗ = 0°. Then the angle ș 
between the shear plane and rake face is (ʌ/2 – ׋). Continuity 
of flow relates vc, vchip and ׋. Moment equilibrium relates b 
and 2c, at least approximately. The following are standard: 
c = h/(2sin׋), b § 2c             (1) 
q1 = kvc/cos׋, qf = Ĳvchip Ł mkvctan׋           (2) 
FCcos׋ – FTsin׋ = (h/sin׋)k            (3) 
Eqs. 4 to 6 give respectively ȴTtool, ȴT1 and (ȴT1 – ȴTtool). 
ȴTtool and ȴT1 are obtained in the same way as in [5]: in Eq. 4, 
the constant of proportionality ft, depends on the aspect ratio 
a/b of the chip / tool contact area (a is the half-width out of 
the plane of Fig. 3); in Eq. 5, fw depends on the Peclet number 
B = (hvc)/(4țworktan׋), [6, and as included in Eq. 5]. Eq. 6 
assumes a circular flow of heat from OC to OB. 
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Eq. 7 is obtained after substituting ȴTtool and ȴT1 from Eqs. 
4 and 5 in Eq. 6, back-substitutng ɴ in Eq. 4, applying Eqs. 1 
to 3 and re-arranging (FC* and FT* are specific forces). The 
left hand side is a dimensionless measure of tool temperature 
rise. The right hand size is a function of the coefficients ft, fw, 
and of m, ׋, Kwork/Ktool and FT*/FC*. For tools of zero rake 
angle, tan-1(FT*/FC*) is the direction Ȝ of the resultant cutting 
force relative to the normal to the tool rake face. The first 
term on the right hand side is § 0.85 (see later results, Fig. 9). 
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Fig. 4 plots the expectation of Eq. 7, with the value 0.85 
for the first term, and ft = 3.5, for m = 0 and 1, Kwork/Ktool = 
0.05 and ׋ = 10, 20, 30°. The choice of abscissa comes from 
the dependence of fw on B0.5. The sudden change of slope at 
low values of [(hvc)/(4țwork)]0.5 is an approximation to fw ĺ ft 
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as B < 0.2 (Eq. 5). In the following Sections, results from 
more detailed and accurate numerical predictions of tool edge 
temperature rise are plotted in the manner suggested by Fig. 4. 
 
 
 
 
 
 
 
 
 
 
Fig. 4.  The dependence, from a classical calculation, of dimensionless tool 
temperature rise on [(hvc)/(4țwork)]0.5, from Eq. 7. 
2.2. A 2D temperature calculation model and its results 
A numerical (finite element) temperature calculation model 
is created. It assumes a shear plane model of chip formation 
as in Fig. 3. Inputs are h, vc, ׋, Ȗ, FC, FT (or FC*, FT*) to 
define geometry and to calculate primary shear and chip / tool 
friction work rates; and material thermo-physical data. The 
fraction TQ of primary work converted to heat can be varied. 
Fig. 5 shows the scheme of the finite element mesh that is 
automatically created from the h, ׋, Ȗ information. The linear 
sizes tt and ts of the tool and shank are additional variables to 
those considered in Section 2.1. Thermal boundary conditions 
are T = T0 (ambient) at shank rear and work lower surfaces, 
and Newton cooling from free surfaces. 
Fig. 6 shows predicted cutting edge temperatures plotted as 
in Fig. 4. h = 2 ȝm, Ȗ = 0°, vc ranges from 15 to 280 m/min. 
Thermal properties are as for Figs. 2a, b. The tool size tt = 
100h, also as in Fig 2a and the tool shank is omitted. TQ = 0.9 
to match the later simulation conditions (Section 2.3). Seven 
sets A to G of FC*, FT*, ׋ are input. These are from Section 
2.3. They all give shear stresses k (Eq. 3) and combinations of 
׋ and Ȝ reasonable for Monel (see Section 2.3). The similarity 
to Fig. 4 is clear, including the increase of dimensionless 
temperature with increasing ࢥ at constant [(hvc)/(4țwork)]0.5. 
However, tool and shank size greatly affect the result. Fig. 
7 shows the dimensionless temperature relative to that in Fig. 
5, with values tt = 2 mm, ts = 25 mm (at this size temperature 
is insensitive to ts), for three values of Ktool. Temperature 
increases from 3-fold relative to those in Fig. 6 for Ktool 500 
W/mK, to 9-fold for Ktool 1500 W/mK. Kshank = 50 W/mK. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. The finite element temperature calculation mesh (not to scale). 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.The dependence, from a numerical calculation, of dimensionless tool 
temperature rise on [(hvc)/(4țwork)]0.5, for Monel 400 cut by an SCD tool. 
 
 
 
 
 
 
 
 
 
 
Fig. 7.The influence of tool and shank size on temperatures in Fig. 6. 
2.3. 2D and 3D chip formation simulations 
The commercial software AdvantEdge is used for chip 
formation simulation. Eq. 8 is the flow stress input for Monel, 
400 from data in [7], with variants produced by imposing pre-
strains. Friction coefficient ȝ is varied from 0.25 to 1.0. With 
a minimum mesh size 0.1h and cut distances and tool sizes 50 
to 100h, initial steady state cutting is obtained insensitive to 
those conditions. Fig. 2a is an example 2D overview. 
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2.3.1. 2D simulations 
Fig. 8 shows dimensionless temperature dependence on 
[(hvc)/(4țwork)]0.5, in the same way as Fig. 6, with conditions 
the same as for Fig. 6 (Monel thermo-physical properties, Ktool 
= 1000 W/mK). The results are not identical to those of Fig. 6.  
 
 
 
 
 
 
 
 
 
 
Fig. 8. The dependence, from chip formation simulation, of dimensionless 
tool temperature rise on [(hvc)/(4țwork)]0.5, for Monel 400 cut by an SCD tool. 
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The FC*, FT*, ׋ values in Fig. 6 are from these simulations. 
Fig. 9 compares the (Ȝ, ׋) pairings with those from machining 
copper in micro-machining with SCD tools [8, 9] and in 
general engineering conditions [10]. The solid line is Lee and 
Schaffer’s relation [11]. The simulation results are plausible. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. Relationships between ࢥ and Ȝ, from this and previous [8-10] work. 
 
2.3.2. 3D simulations, h constant along the cutting edge 
For meshing reasons, 3D simulations are set up at larger h 
but smaller vc than the 2D ones, to maintain hvc unchanged. 
Previous work shows the equivalence of these [4]. Fig. 10a is 
a general view for an example h = 0.1 mm, vc = 2.8 m/min. 
[(hvc)/(4țwork)]0.5 = 0.44. The work width w is 1 mm. Fig. 10b 
shows the tool surface temperature. Fig. 11 shows that 
temperature along the cutting edge depends on the aspect ratio 
w/h. It increases with increasing w/h, as in [5], up to w/h = 80.  
 
 
 
 
 
 
 
 
 
Fig. 10. Chip formation with h constant along the cutting edge: (a) general 
view, (b) tool rake and flank surface temperatures around the cutting edge. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11. Cutting edge temperatures from Fig. 11b (w/h = 10) and other cases. 
 
2.3.3. 3D simulations, h varying along the cutting edge 
Simulations have been performed the same as for Figs. 10, 
11 except for rotating the tool about x to create a triangular 
uncut chip cross-section, as in Fig. 1b. h varies linearly from 
hmin = 0 to hmax = 0.2 mm across the cutting edge engagement 
length. Fig. 12 shows the results. Temperature varies more 
along the cutting edge, and reaches a higher maximum, the 
larger is w/hav. By comparing Figs. 11 and 12 it is seen that 
the temperatures match at mid-contact.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 12. Dependence on aspect ratio w/hav of temperature variation along the 
cutting edge. Mid-contact temperature is close to the hav value (Fig. 12). (Ktool 
= 500 W/mK, also for the examples in section 2.3.2.) 
2.4. Validation 
The 2D temperature calculations and chip formation 
simulations are validated against experimental results in [12]. 
[12] reports cutting edge temperature of 175°C (ambient 
temperature 20°C), FC = 12.4 N/mm, FT = 8.1 N/mm, ׋ = 
15.5°, for Al machined with a SCD tool (Ȗ = -5°), h = 10 ȝm 
and vc = 520 m/min. Thermo-physical properties are given 
(Ktool = 1000 W/mK). It has been possible to reproduce these 
FC, FT and ׋ values with a 2D chip formation simulation, with 
realistic Al flow stress and chip / tool friction input. The 
simulation, with TQ = 1 and a tool size 150h, i.e. 1.5 mm, also 
gives an edge temperature estimate, but it is only 125°C. 
The temperature calculation method Section 2.2 is applied 
to predict the dependence of edge temperature on shank size ts 
from 0 to 50 mm, for the practical tool size tt = 2 mm. Fig. 13 
shows the result. Temperature increases from 125 to 175°C as 
ts increases above 5 mm. It can be understood that the chip 
formation simulation gives the temperature at the start of 
cutting but the temperature calculation Section 2.2 is needed 
to follow the further increase in temperature with cut time. TQ 
= 1 gives closer agreement with experiment than TQ = 0.9. 
 
 
 
 
 
 
 
 
 
 
Fig. 13. Temperatures, Al cut by a SCD tool: h = 10 ȝm, vc = 520 m/min. 
2.5. Modelling and simulation summary and way forward 
Fig. 8 provides the basis for predicting ȴTtool at the start of 
cutting in 2D conditions, provided [(hvc)/(4țwork)]0.5 < 0.6. 
Figs. 11, 12 allow extension to 3D conditions, including nose 
turning. Fig. 7 enables the subsequent influence of tool size 
and tool shank to be factored in. (The Figs. 11, 12 and 7 all 
have used Monel 400’s thermo-physical properties. Extension 
to other alloys, with larger Kwork, is considered in Section 6.) 
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3. Experiments and methods 
Circular discs of Monel 400 have been faced at constant in-
feed rates f = 5 and 15 ȝm/rev, from a radius of 20 mm down 
to 10 mm, at 1000 RPM and ap = 5ȝm, by SCD tools of nose 
radius rn = 0.5 mm and Ȗ = 0°. From supplier information, the 
Monel was annealed and Ktool = 1500 ± 100 W/mK at 20°C. 
The feed rates give (from Fig. 1a) hav = 0.35 and 1 ȝm and 
aspect ratio w/hav = 200 and 67. vc varies with cut radius from 
125 to 63 m/min. 
Test cut distance (and time) reduced with increasing feed rate, 
from 710 m (and 6.9 mins) at f = 5 ȝm/rev, to 1/3rd of these at 
f = 15 ȝm/rev. These were achieved in 6 passes, as shown 
schematically in Fig. 14a. Each pass leaves a step of material 
to enable cut surface finish to be examined (to be reported 
elsewhere). The pass mean vc increases with pass number as 
cutting becomes confined to the outer radii. 
Tool edge recession, as a measure of wear, is recorded at 
the end of each pass by plunge cutting into a ring of copper 
that surrounds the Monel disc (Fig. 14b). Wear is obtained by 
differencing the profiles of the unworn and worn tool. 
Subsidiary orthogonal cutting tests are carried out to obtain 
FC*, FT* and ׋. The end of a tube, pre-machined on the disc, 
of wall thickness 200 ȝm, is machined by a tool of rn = 5 mm, 
at an axial feed 2 ȝm/rev and speeds of 67 and 125 m/min. 
Plane strain compression testing is also carried out at room 
temperature and low strain-rate to obtain the strain hardening 
of the Monel 400. 
 
 
 
 
 
 
 
Fig. 14. Schematic views of (a) test geometry, (b) tool wear measurement. 
4. Experimental results 
Fig. 15 shows the progression of edge recession from pass 
to pass for f = 5 and 15 ȝm/rev. Wear increases with feed. It 
also increases from the tool nose towards the leading edge of 
the contact, reflecting a similar expected temperature increase 
along the cutting edge (Fig. 12). 
 
 
 
 
 
 
 
 
 
 
Fig. 15. Edge recession increase per pass: f = (a) 5, (b) 15 ȝm/rev, both 
ordinates to the same scale. 
 
The results of Fig. 15b are re-plotted in Fig. 16 as edge 
recession against cut time. Three different edge positions 
(plunge positions) are chosen. Recession increases linearly 
with time, at a greater rate towards the leading edge. Rates are 
also obtained at f = 5 ȝm/rev. For plunge positions 40, 50, 55 
ȝm, they are 0.006, 0.011, 0.013 ȝm/min. 
Figs. 17, 18 record subsidiary results. From Fig. 17a, FC = 
1.2N, FT = 0.82N so FC*, FT* are deduced to be 3 and 2.05 
GPa. From Fig. 17b’s chip thickness, ׋ = 8°. Fig. 18 shows 
the strain hardening of the supplied Monel 400. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 16. Linear progression of wear, f = 15 ȝm/rev. 
 
 
 
 
 
 
 
 
Fig. 17. Orthogonal cutting of Monel 400 by SCD tool (a) forces, (b) SEM 
chip sample: h = 2 ȝm/rev, ap = 200 ȝm, vc = 125 m/min. 
 
 
 
 
 
 
 
 
 
 
Fig. 18. Room temperature, low strain-rate strain hardening of Monel 400. 
5. Experimental derivations 
A 2D chip formation simulation is carried out for the 
experimental conditions of Fig. 17. Its flow stress input is as 
Eq. 8, except for changing strain hardening to that of Fig. 18, 
ȝ= 0.7, Ktool = 1500 W/mK, TQ = 1.0. FC = 1.3 N, FT = 0.87 N 
are obtained, close to the measured values, though ׋ = 11° 
and to obtain these results the Fig. 18 strain hardening has had 
to be suppressed for strain > 0.6. 
This simulation, for which [(hvc)/(4țwork)]0.5 = 0.42 gives 
(KtoolȴTtool)/(FC*hvc) = 2.3. It provides a datum point in Fig. 8 
from which to extrapolate to other hvc values. For the nose 
turning tests [(havvc)/(4țwork)]0.5 = 0.17 for f = 5 ȝm/rev and 
0.28 for f = 15 ȝm/rev (vc = 115 m/min, the mean value from 
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the last 4 passes). Then, from Fig. 8, (KtoolȴTtool)/(FC*havvc) = 
2.9 and 2.6 respectively. Mid-contact ȴTtool = 4°C and 10°C 
are calculated (in the absence of the influence of the shank). 
Tool edge temperatures at the plunge positions from which 
wear rates are obtained are estimated by two more steps. First, 
still excluding the shank influence, their values are found 
from their values relative to the mid-contact temperatures, via 
Fig. 12. Then finally the effect of the shank is included by 
multiplying by the factors from Fig. 7, for [(havvc)/(4țwork)]0.5 
= 0.17 and 0.28, and selecting the equivalent trajectory to that 
in Fig. 8. In this case it is the trajectory ‘E’ and the factors are 
8.6 and 7.6. 
Fig. 19 shows the resulting plot of ln(wear rate) v. 1/T. The 
slope gives an activation energy E = 53 ± 6 kJ/mol for the tool 
wear (taking R = 8 J/mol). 
 
 
 
 
 
 
 
 
 
 
Fig. 19. The dependence of ln(wear rate) on 1/T for f = 5 and 15 ȝm/rev tests. 
6. Discussion
This paper’s modeling is applicable to machining at low 
Peclet number and with high thermal conductivity tools. Then 
a large part of the heat in the chip escapes to the tool rather 
than being carried away by the chip. The procedure of Section 
2.5 for estimating the cutting edge temperature is applied in 
Section 5. It is discussed here in three steps. 
The first step, determining the temperature for orthogonal 
machining at high aspect ratio, is validated experimentally. A 
key outcome is recognizing the importance of the shank as a 
barrier to the flow of heat from the tool. In the present work it 
causes an 8-fold increase (from Fig. 7) in temperature relative 
to ignoring the shank, as the tool and shank heat up. 
The second step is to extend the first to determining the 
temperature at the mid-contact in nose turning. It is not a large 
step. 
The third step is to determine the temperature variation 
along the cutting edge engagement. It is assumed that the 
shank effect is a factoring effect rather than an offset effect. It 
remains to be proven. However the assumption leads to a 
linear ln(wear rate) v. 1/T plot (Fig. 19) with a sensible slope. 
The present work’s multiplying factor, § 8, for the effect of 
the shank is larger than the 1.5 that is deduced from Fig. 13 
that is for machining Al. The factor depends on Kwork/Ktool. So 
does the relation between (KtoolȴTtool)/(FC*hvc) and 
[(hvc)/(4țwork)]0.5 (Fig. 8). This is expected from Eq. 7. The 
present paper’s results are for Kwork/Ktool < 0.022. Extension 
up to Kwork/Ktool = 0.3 is the subject of a future paper. That 
range covers most metals machined by SCD tools. 
The combination of temperature estimation and wear 
measurement to determine an activation energy for the wear 
highlights that not only is temperature estimation essential but 
that the measurement of wear is difficult. Edge recessions in 
Fig. 15 do not exceed 300 nm. In the case of Fig. 15a, 
maximum recession is 100 nm. Wear measurement in these 
conditions is also the subject of another paper. 
The previous work [4] on micro-milling Monel 400 with a 
polycrystalline diamond tool determined an activation energy 
for the wear in the range 15 to 60 kJ/mol. It did not consider 
any shank effect. Contact time per cutting edge pass was § 5 
ms. Interrupted cutting may be inherently preferable to 
continuous cutting as far as edge heating is concerned. 
7. Conclusions 
The initial cutting edge temperature rise in orthogonal 
micro-machining with a SCD tool depends on the variation of 
a dimensionless measure (KtoolȴTtool)/(FC*hvc) with Peclet 
number [(hvc)/(4țwork)]0.5 (Fig. 8). As tool and shank heat up a 
further rise is predicted, up to 8-fold in the present case. An 
extension to estimating the temperature variation around the 
cutting edge in nose turning, and measuring tool wear in 
machining Monel 400 (32Cu65Ni), leads to an estimate of 
activation energy for the wear of 53 ± 6 kJ/mol. 
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